Tendon's hierarchical structure allows for load transfer between its fibrillar elements at multiple length scales. Tendon microstructure is particularly 35 important, because it includes the cells and their surrounding collagen fibrils, where mechanical interactions can have potentially important physiological and pathological contributions. However, the three-dimensional microstructure and the mechanisms of load transfer in that length scale are not known. It has been postulated that interfibrillar matrix shear or direct load transfer via the 40 fusion/branching of small fibrils are responsible for load transfer, but the significance of these mechanisms is still unclear. Alternatively, the helical fibrils that occur at the microstructural scale in tendon may also mediate load transfer, however, these structures are not well studied due to the lack of a threedimensional visualization of tendon microstructure. In this study, we used serial 45 block-face scanning electron microscopy (SBF-SEM) to investigate the threedimensional microstructure of fibrils in rat tail tendon. We found that tendon fibrils have a complex architecture with many helically wrapped fibrils. We studied the mechanical implications of these helical structures using finite element modeling and found that frictional contact between helical fibrils can 50 induce load transfer even in the absence of matrix bonding or fibril fusion/branching. This study is significant in that it provides a three-dimensional view of the tendon microstructure and suggests friction between helically wrapped fibrils as a mechanism for load transfer, which is an important aspect of tendon biomechanics. [Word count 232/250] 55
Introduction
Tendon's hierarchical structure allows for load transfer between its fibrillar 60 elements across multiple length scales (Kastelic, Galeski and Baer, 1978; Screen et al., 2005; Pensalfini et al., 2014) , which results in remarkable capabilities to withstand stress and endure repetitive loading (Snedeker and Foolen, 2017) . The microscale structure and function are particularly important, because this is the scale where the cells and their surrounding collagen fibrils interface, and these 65 mechanical interactions can have important physiological and pathological contributions. However, the underlying mechanisms of load transfer between tendon fibrils are still unknown. Tendon fibrils are collagenous structures (diameter ~100 nm) that are the building blocks of tendon microstructure (Kannus, 2000) . The fibrils are responsible for supporting external mechanical 70 loading. Interfibrillar matrix molecules such as glycosaminoglycan chains (GAG) have been postulated to be responsible for load transfer between fibrils (Redaelli et al., 2003; Ahmadzadeh et al., 2013) ; however, removal of a wide range of extracellular matrix components, including GAG, does not affect the mechanical response , or has minimal consequences (Fessel and 75 Snedeker, 2009 ). It is not likely that the load transfer in tendon is solely, or majorly, mediated via interfibrillar matrix. Thus, the microscale architecture of the collagen fibrous network itself is likely to have a role in mediating load transfer.
Serial block-face scanning electron microscopy (SBF-SEM) makes it 80 possible to visualize the 3D microscale architecture of tissue in great detail, and to reveal the fibrillar architecture with several mechanical implications (Starborg et al., 2013; Pingel et al., 2014) . SBF-SEM is an advanced electron microscopy technique that takes sequential SEM images of the cross-section of tissue; these images combine to provide a three-dimensional view of the microstructure 85 (Starborg et al., 2013; Hashimoto et al., 2016) . Using SBF-SEM with a short scan depth (8.7 μm), our group showed that there is a small fibril angular dispersion and that the fusion/branching of small fibrils might be responsible for interfibrillar load transfer (Szczesny, Edelstein and Elliott, 2014; Szczesny et al., 2017) . Longer scan depths (~100 μm) showed that fibril fusion/branching and 90 fibril ends also exist in tendons (Svensson et al., 2017) , and that helical fibril patterns form during tendon development in juvenile tail tendons (Kalson et al., 2015; Starborg and Kadler, 2015) . The existence of helical fibrils in collagen microstructure is also known from two-dimensional light, electron, and X-ray scattering microscopy in tendons and other collagenous tissues (Reed, Wood and 95 Keech, 1956; Lillie et al., 1977; Altraud et al., 1987; Folkhard et al., 1987; Vidal, 2003; Franchi et al., 2010; Kalson et al., 2012) .
Experimental observations and finite element (FE) modeling suggest that helical structures in tendon may have significant mechanical effects. The rotation and high Poisson's ratio observed during tendon's axial loading have been 100 attributed to such structures (Reese, Maas and Weiss, 2010; Thorpe et al., 2013; Buchanan, Lakes and Vanderby, 2017) . Furthermore, some FE models have studied the groups of helical fibrils by combining the fibrils with interfibrillar matrix in a mesh to produce the nonlinear stress response of fascicles (Reese, Maas and Weiss, 2010; Carniel, Klahr and Fancello, 2019) . Despite the potential 105 of helical fibril organization to affect tendon's microscale mechanics, little is known about individual groups of helically wrapped fibrils and their mechanical implications. We hypothesized that helical wrapping can induce frictional load transfer between fibrils, allowing for mechanical interfibrillar load transfer without an intermediate matrix. This would imply that friction between helically 110 wrapped fibrils can contribute to load transfer, in addition to interfibrillar matrix shear and fibril fusion/branching. The scope of this contribution was to visualize the three-dimensional fibril organization of rat tail tendon and to study the potential of interfibrillar friction within helically wrapped groups of fibrils to serve as a mechanism for load 115 transfer. First, we visualized the microstructure of tendon in three dimensions using SBF-SEM. We found a complex network, with many helically wrapped fibrils. These observations informed the second part of this study, in which we used finite element (FE) analysis to test the hypothesis that frictional contact between helically wrapped fibrils can transfer stress (load) between fibrils 120 without a need for a mediating matrix. This study elucidates new aspects of tendon microstructure, providing a detailed image of fibril tortuosity, fusion/branching, and organization into helical groups. Importantly, our results establish interfibrillar friction as a new potential mechanism for interfibrillar load transfer, advancing our knowledge about microscale structure-mechanics 125 relationships.
Methods

Serial block-face SEM imaging
A tail tendon fascicle from a three-month-old male Sprague-Dawley rat was dissected as previously described (Safa et al., 2017) , and used for SBF-SEM 130 imaging. To prepare for imaging, the fascicle was placed in PBS for 8 hours to equilibrate and then soaked overnight at 4℃ in a solution of 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer. The sample was subsequently stained and resin-embedded, according to established techniques (Starborg et al., 2013) . 135
The transverse cross-section was scanned in series under 1.78 kV in lowvacuum pressure with three microseconds dwelling time using an Apreo VolumeScope (Thermo Fisher Scientific, Waltham MA). After the end of the scanning of each section, a 200 nm layer of the block's face was removed by means of a mechanical slicer and the scanning was repeated. The in-plane 140 resolution of the scans was 10 nm/pixel with 432 slices that covers a total volume of (20.27 μm × 16.74 μm × 86.20 μm), where the third dimension is measured along the fascicle's axial direction.
Segmentation and data analysis
The SEM images were smoothed using a Gaussian blur filter and a 145 representative subset of fibrils were manually segmented through the entire 3D image stack ( Fig. 1A ). Only fibrils that spanned the entire image stack were used for analysis ( = 42 fibrils). The segmentation was done using Seg3D (seg3d.org). Since the axial distance between subsequent images was small (200 nm) the fibrils appear as semi-circular spots that move in-plane allowing for the 150 fibrils to be inspected and tracked through the image stack ( Fig. 1A -C).
To confirm that the manually segmented fibrils were a representative selection of all the fibrils, we segmented all fibrils in each of ten equally spaced 2D sections by thresholding (ImageJ, imagej.nih.gov). The distribution of fibril diameter was calculated and compared to that of the manual 3D fibril 155 segmentations ( Fig. 1D and E). The distributions matched, confirming that the manually segmented fibrils were a representative sample. The manual 3D fibril segmentations were used for all subsequent analysis.
To determine the variation in fibril diameter along the length, we calculated the normalized diameter of each fibril in each section in the image stack. The 160 normalized diameter for a fibril at section is defined as
where is the scan depth, ( ) = 4 / is the diameter of the fibril, is the cross-sectional area of the fibril, and is the median of ( ) across all sections ( Fig. 1C ). To quantify the complexity of the fibrillar network, we calculated the percent tortuosity for each fibril as 165
here, is the end-to-end distance of the fibrils, and is the distance between fibril centroids in adjacent sections, and is the number of sections (Fig. 1C ).
Approximately half of the segmented fibrils ( = 20) were in helical groups; for these fibrils we calculated the pitch ( ) by diving the total scan depth (86.20 μm)
by the number of turns in the helices. 170
Statistics
The variation in diameter along the length was tested by calculating, for each section, the 95% confidence interval of normalized diameter (Eq. 1) across the fibrils in that section. To test the correlation between fibril diameter and tortuosity, we conducted a linear regression analysis between and using 175 Pearson's correlation method. Statistical significance was defined as < 0.05.
Finite element analysis of helical fibril structures
Helical wrapping of fibrils around each other was a commonly observed feature, and we hypothesized that this helical wrapping may provide interfibrillar load transfer. To study this, we developed a three-dimensional finite element (FE) 180 model of a pair of helical fibrils in contact ( Fig. 1F and G) using FEBio software (FEBio2.8 febio.org) (Maas et al., 2012) . The fibril diameter was taken to be 200 nm, and according to our observations from SBF-SEM, the helix pitch was set at 40 m. The entire model included three full fibril revolutions (i.e., = 3 where is the total length). The boundary condition was set as that each fibril had one 185 free-end. In one fibril, the opposite end was anchored; in the other fibril, it was set to move to create 8% axial strain (Fig. 1F ). The value of 8% was selected from experimental data as the maximum tissue strain prior to failure (Lee et al., 2017) .
We used an isotropic compressible neo-Hookean constitutive relation for 190 the fibrils (Bonet and Wood, 1997) :
Where, Ψ is the strain energy, is the first invariant of the right Cauchy-Green strain tensor and is the Jacobian of deformation; is the Young's modulus, and is the Poisson's ratio. The model parameters were set as = 1 GPa, = 0.2.
The friction parameter between fibrils was set as = 0.5, and the helix pitch was 195 set as = 40 μm.
To solve the frictional contact problem between the fibrils we employed the penalty method regularized with an augmented Lagrangian scheme that has been implemented in FEBio (Zimmerman and Ateshian, 2018) . In the initial configuration the fibrils were in contact along the entire length. We used a mesh 200 consisting of 20,160 hexahedral trilinear elements and 23,478 nodes based on a mesh sensitivity analysis ( Fig 1G) . To improve the stability of the contact algorithm we used a frictionless external cylindrical sheath with a weak modulus (10% of fibril modulus) to prevent separation in the intermediate steps of the iterative FE solver. The sheath was highly effective in increasing the stability of 205 the model, and did not alter the final solutions. This was confirmed by using different moduli for the sheath between 0.1% and 1000% of the fibril modulus; the same mechanical response was produced in each case.
The reaction force at the anchored end of the fixed fibril was divided by the cross sectional area and used as the measure for load transfer. To assess the 210 sensitivity of the load transfer, we performed a one-at-a-time parametric sensitivity analysis by varying the model parameters in a range according to the reported values in the literature for fibril properties that are summarize in Table   1 (Wenger et al., 2007; Minary-Jolandan and Yu, 2009; Gautieri et al., 2011; Yang et al., 2012; Chung et al., 2013; Szczesny and Elliott, 2014b; Wells et al., 215 2015; Liu, Ballarini and Eppell, 2016) . Since the experimental data for frictional coefficient of fibril-on-fibril is not available, we used an estimated range (0 < < 2) based on AFM indentation tests (Chung et al., 2013) . We studied the following cases by changing one parameter at a time: = 0.1 to10 GPa, = 0 to 0.4, = 0 to 2, = 20 to 80 μm. 220
To evaluate the spatial distribution of the induced stress and deformation in the fibrils we plotted axial stress and we also plotted the normalized displacement ( ) relative to the mid-section of each fibril along the axial direction. We defined normalized displacement as
Here, ( ) is the axial displacement at position along the fibril length. 225
Results
Microstructure of fibrils and SBF-SEM
To describe the microstructure of tendon, we segmented fibrils from the SBF-SEM images in three-dimensions. The segmentation indicated that although the fibrils are mostly axially-aligned, they create a complex network around the 230 cells ( Fig. 2A) . From the manually segmented fibrils we quantified the fibril diameter throughout the scan depth (Eq. 1) and the percent tortuosity (Eq. 2). As expected, the fibrils' diameter did not vary along the fibril length (Fig. 2B) , which is consistent with previous findings (Svensson et al., 2017) . Note that the normalized fibril diameter (Eq. 1) was not significantly different than one across 235 the scan depth ( Fig 2B) . This observation supports the use of a single median diameter value assigned to each fibril for correlation with the tortuosity. We quantified the % tortuosity ( ) of each segmented fibril (Eq. 2), and calculated its correlation with the median diameter of the fibrils. This showed that for all of the fibrils, was small (< 1%) and it had a weak correlation with the diameter ( = 240 −0.36, < 0.05) (Fig. 2C) . As a result, the smaller fibrils are more likely to have higher tortuosity, and thus have a more complex structure. For the tortuosity analysis, one fibril that made a right-angle turn and passed through the cell membrane ( Fig. 3C, discussed below) was not included in the correlation.
We made several isolated structural observations that have potential 245 mechanical implications: tapered fibril end ( Fig. 3A and Supplementary Video 1), fibril fusion/branching ( Fig. 3B and Supplementary Video 2) , and one fibril that wrapped around the cells ( Fig. 3C and Supplementary Video 3) . For the tapered fibril end, in the last ~4 μm of the fibril length (scan depth of 38-42 μm) a reduction in fibril diameter was evident, where the fibril gradually fades away 250 in the image sequence when approaching from the deeper scanned layers (Fig.   3A ). At the fusion/branching site, a small fibril merges with a larger one, and in the subsequent scanned images the larger resulting fibril branches into two distinct ones. The fusion/branching site approximately spanned 6 μm, where at least two fibrils were not distinguishable (Fig. 3B ). Another interesting feature 255 was one fibril that made almost a full turn around the cells (Fig. 3C ). These features were interesting but were isolated observations in the dataset.
When looking at the axial view of the fibrils, we observed several helical structures ( Fig. 4 and Supplementary Video 4) . In particular, many fibrils locally wrapped around each other, which contained two, three, or more fibrils with both 260 left and right-handed helical configuration ( Fig. 4 and Supplementary Video 5).
Almost 50% (20 out of 42 fibril) of the fibrils that we segmented were in helical groups, although the sampling was not purely random. Of these helical fibrils, 13 fibrils had a right-handed twist and 7 were left-handed (Fig. 4B) . These fibrils made an average of 2.2 ± 1.4 turns around each other along the scan-length ( Fig.  265 4C), that also corresponds to an overall ~39 ± 18 μm helical pitch ( , the axial length of one full turn as described in Fig. 1F ).
Finite element simulations of the helical fibrils
We used a finite element model to test our hypothesis that frictional contact between helically wrapped fibrils can transfer stress (load) between fibrils 270 without a need for a mediating matrix. The stress transfer was proportional to the fibril's tensile modulus (Fig. 5A ). Further parametric studies indicated that there is no change to the transferred stress with a change in Poisson's ratio ( ) (Fig.   5B ). As expected, the transferred load increased with an increase of frictional coefficient ( ) (Fig. 5C ). Our results show that the load transfer decreased with 275 an increase in pitch ( ) (Fig. 5D ).
To evaluate the spatial distribution of stress and deformation along the length of each fibril and its dependence on the friction coefficient, we plotted the axial stress and axial displacement ( , Eq. 4) at the end of loading (Fig. 6 ). The fibril stress was zero with no friction ( = 0, Fig. 6B ) and it increased with higher 280 friction coefficient ( Fig. 6C and D) . The axial stress varied linearly along the length of the fibril, increasing with distance from the free boundary and the stress in each fibril was the mirror image of the stress in the other one ( Fig. 6A-D) , which is in accordance with the static equilibrium condition. Similarly, for the fibril deformation, in the zero friction case, there was no axial deformation, hence 285 the fibrils slid freely (Fig. 6E ). When friction was increased, the induced deformation also increased, showing a plateau at the free ends indicating no strain, which confirms the stress-free boundary condition imposed on the model ( Fig. 6F and G) .
Discussion
290
In this study, we visualized the microscale structure of tendon fibrils in three dimensions using serial block-face scanning electron microscopy (SBF-SEM) and studied the mechanical implications of helical fibrils as a mechanism for interfibrillar load transfer using FE analysis. We found that tendon fibrils are not purely parallel structures and there are many helical fibrils that wrap around 295 each other and in groups. Our FE analysis indicated that, in addition to other potential mechanisms of load transfer (interfibrillar matrix and fusion/branching of smaller fibrils), the helical fibrils can also mediate load transfer through frictional mechanical contact.
Microstructure of fibrils and SBF-SEM 300
We observed helical structures that twisted around each other (Fig. 4) . The existence of helical fibrils was previously reported, which were suggested to be left-handed (Franchi et al., 2010) ; however, our findings showed a similar number of the left-handed and right-handed helical fibrils (Fig. 4B) . These helical structures explain the rotation of tendon in tension (Buchanan, Lakes and 305 Vanderby, 2017) . Additionally, they have been used as an explanation for the macro-scale mechanical behavior of tendon, in particular for the low stiffness at small deformations and the large tensile Poisson's ratio (Reese, Maas and Weiss, 2010 ; Thorpe et al., 2013) . The grouping of fibrils into helices can mediate load transfer by inducing frictional contact between fibrils during axial loading. 310
We observed some interesting but isolated features that can have implications for load transfer and loading on cells. For load transfer, we observed a tapered fibril end and fusion/branching, which agree with previous findings (Svensson et al., 2017) , with the difference that the tapered end in this study was observed in a "straight" fibril in contrast to the hairpin shape in the previous 315 study. As previously suggested by Szczesny and co-workers , an instance of fusion/branching, such as the one described above, could mediate load transfer between fibrils via direct physical connection. A free fibril end like the tapered end can also mediate load transfer by allowing interfibrillar sliding and shear stress, which is a well-documented phenomenon in 320 experimental studies (Thorpe et al., 2013; Szczesny and Elliott, 2014b; Lee et al., 2017) . Additionally, we observed a fibril that wrapped around the cells, which indicates that during an axial loading, lateral compression can be exerted on the cells affecting tendon mechanotransduction (Lavagnino et al., 2015) .
The fibril structure assessment was subject to some limitations. The SBF-325 SEM technique generates large 3D datasets and segmentation is consequently difficult compared to 2D SEM, creating practical limitations in data collection and analysis (Svensson et al., 2017) . Although we consequently chose to do in-depth manual segmentation for only one sample, we performed several scans of additional fascicles, and these scans showed similar structural features. A 330 separate limitation is that our observations only included a region near the tenocytes, and other regions further away from the cells might have a different structure. Furthermore, we only scanned the tail tendon, which is a low-stress tendon; further investigation is needed to confirm the existence of helical fibril groups in other tendons. 335
Finite element simulations of the helical fibrils
Interfibrillar load transfer by friction in a helical contact does not require interfibrillar matrix bonding, but the sum of its contribution over many fibrils and its relative magnitude in comparison to other load transfer mechanisms such as chemical bonding remains unknown. Here, the estimated magnitude of the 340 transferred fibril stress (~0.2 -4 MPa) was low compared to the ultimate stress of the fibrils-typically in the range of 90 MPa (Liu, Ballarini and Eppell, 2016) .
The large variation in mechanical parameters of fibrils (Table 1 ) and the unknown accumulation among hundreds of fibrils hinders accurate calculation of the total load transferred in situ by the interfibrillar friction mechanism. Of particular 345 importance, the fibril-on-fibril friction coefficient is unavailable. Thus, more experimental measurements of single fibrils and groups of fibrils are needed for more accurate estimations.
The variations in fibril stress transfer and displacement observed in the parametric FE sensitivity analysis make physical sense (Fig. 6) . In particular, the 350 dependence of transferred stress with modulus and frictional coefficient are expected based on Hooke's law and Coulomb's friction law, respectively, and they were shown using our FE model ( Fig. 5A and C) . The decrease in reaction force by increasing the pitch of the helix, which is shown in Fig. 5D , can be explained by a reduction in lateral compression (normal force) on the fibrils as 355 the pitch angle decreases and the fibrils become more parallel. The lack of dependence on Poisson's ratio was an unexpected observation that might be due to the high aspect ratio of the fibril's geometry or due to the isotropy of the constitutive relation ( Fig. 5B ). Large Poisson's ratio in tension (~2) have been reported for individual fibrils (Wells et al., 2015) , which is greater than the 360 isotropic limit of = 0.5. Anisotropy of the isolated fibril material might need to be incorporated in the future to further investigate the effect of Poisson's ratio in the interfibrillar load transfer. The curves in Fig. 5 were not smooth, which is potentially related to the nature of frictional contact that can switch between slip and stick conditions and cause jitter (imagine moving heavy house furniture on 365 ceramic), however the trends are clear, and this does not affect the outcome of the sensitivity analysis.
Interfibrillar friction causes a gradient of axial stress in the fibril. In the simulated cases (Fig 6) , the spatial distribution of stress variation and deformation match the distributions of stress and deformation based on established shear-lag 370 theories as applied to tendon fibrils (Szczesny and Elliott, 2014a) . Interfibrillar load transfer and sliding requires free fibril ends that is observed in experiments, regardless of whether the interfibrillar load transfer mechanism is extrafibrillar matrix shear lag or interfibrillar friction (Provenzano and Vanderby, 2006; Svensson et al., 2017; Szczesny et al., 2017) . This justifies the assumption of free 375 fibril ends in the FE model. Free fibril ends may exist in the form of tapered ends (such as Fig. 3A) or a weak link along the fibril length that can act as an effective fibril end due to its high compliance (Veres, Harrison and Lee, 2014) . However, it is not yet clear which form is structurally more common. Although based on our findings and prior studies tapered ends and fusion/branching sites are not 380 likely to be common features in mature tendon (Provenzano and Vanderby, 2006; Svensson et al., 2017) , they may still have a role in load transfer, and further investigations are required to explore these microstructures.
In conclusion, we used SBF-SEM to visualize the three-dimensional microscale tendon structure of the fibrillar network, and used FE analysis to 385 demonstrate that helically arranged fibrils can have the mechanical function of frictional interfibrillar load transfer. Interfibrillar friction should be considered as another potential mechanism for interfibrillar load transfer, in addition to the previously postulated mechanisms of interfibrillar matrix shear and direct load transfer through fibril junctions. This study shows that a combined approach of 390 SBF-SEM imaging and FE modeling is a powerful tool to study structuremechanics relationships in tendon microstructure. Snedeker, J. G. and Foolen, J. (2017) Although the fibrils are primarily axially oriented, they have a complex three-dimensional network. (B) the 95% confidence interval (highlighted in pink) of the normalized diameter ( , Eq. 1) contains the unity value throughout the scan depth, which indicates that the diameter of the fibrils does not change along the scan depth. (C) Percent-tortuosity ( , Eq. 2) was calculated as a measure of the complexity of the fibrillar structure and is weakly correlated with the median fibril diameter (r=-0.36, p<0.05). With no friction ( = 0) there was no or (B, E). As the frictional coefficient increases, the stress and the deformation increases for = 0.5 (C, F) and for = 2 (D,G). The model parameters are = 1 GPa, = 0.2, = 40 .
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